The optical output power of (Al,In)GaN based light emitting diode (LED) can be significantly improved by enhancing the light extraction efficiency, and such has been extensively investigated by others. [1] [2] [3] [4] For instance, in the vertical thin GaN LED structure, a silver coating may be applied to the surface of p-type GaN for high reflectivity. [5] [6] [7] [8] [9] [10] This has an effect of improving the light extraction at the surface of n-GaN side, which surface faces the p-type GaN. Unfortunately, such solution faces difficulties arising from fabrication processes. For one, the silver easily agglomerates and oxidizes while annealing, resulting in a "peeling off." In addition, the direct deposition of Ag on the surface of p-GaN results in poor Ohmic contact due to its low work function. As a result, high contact resistance is introduced by silver coating, which is undesirable. 11, 12 In an attempt to resolve the peeling off and high contact resistance problems, a Ni layer has been inserted between the p-GaN surface and the Ag coating. [13] [14] [15] [16] Although introduction of Ni layer improves the adhesion and decreases the contact resistance, it has a side effect of degrading the overall reflectivity from Ag coated p-GaN surface. We suspect that by using nanometer sized "Ni-dots" instead of Ni thin film layer, the reflectivity from Ag/Ni/p-GaN surface can be significantly improved while maintaining good adhesion and low contact resistance of Ag coating.
In this report, we demonstrate that high reflectance (>90%) is achieved by applying Ni-dot/Ag/Pt layer to a vertical type blue LED. For comparison, the performance of Nidot/Ag/Pt structure has been directly compared with the Ni/ Ag/Pt counterpart, where the Ni layer is a thin film instead of composing of nanometer sized Ni-dots, by considering the optical output power and external quantum efficiency (EQE) of vertical type blue LEDs.
The LED structure was grown on the c-plane sapphire substrate by metal-organic chemical vapor deposition Ni-dots produced are categorized according to their diameter size, which critically depends on the Ni evaporation time and temperature. In this work, we were able to produce Ni-dots with diameter less than 10 nm as well as those with diameters ranging anywhere between 20 nm and 90 nm. Larger Ni-dots are formed from agglomeration of smaller dots, and such agglomeration rate increases with evaporation time. Illustrated in Figure 1 are atomic force microscopy (AFM) and scanning electron microscopy (SEM) images of the produced Ni-dots on P-GaN surface. In Figure 1 (a), the Ni was evaporated for 5 s and the result shows Ni-dot formations of diameters between 2 nm and 7 nm. We shall denote this sample as type-1 throughout the discussion. Although the majority of Ni-dots formed have diameters less than 10 nm, there are sparsely formed agglomerations of Ni-dots with much larger diameters, i.e., 35 nm to 84 nm. For the sample in Figure 1(a) , the density of Ni-dots formed is about 730 dots per square micrometer. Illustrated in Figure 1(b) , denoted as type-2, is the sample with evaporation time of 17 s. As discussed, the resulting Ni-dots have much larger diameters, which ranges between 21 nm and 51 nm. For the type-2, the density of Ni-dots formed is about 380 dots per square micrometer.
In this work, we compare four types of p-metal structures on double side polished sapphire wafer for the reflectance. They are (1) Ag/Pt, (2) type-1/Ag/Pt, (3) type-2/Ag/ Pt, and (4) Ni/Ag/Pt, where the layer thickness of Ni and Ag layers is 1 nm and 100 nm, respectively. Illustrated in Figure 2 are the measured reflection spectra of the aforementioned four types. For the wavelength of 445 nm, the sample with type-1/Ag/Pt and sample with type-2/Ag/Pt, respectively, yield reflectivity of 93.7% and 91.8%. This is a remarkable increase in the reflectivity over Ni/Ag/ Pt sample, which shows reflectivity of 86.7%. Comparing with the Ag/Pt sample, which has the best reflectivity value among the four, i.e., 95.8%, the sample with type-1/Ag/Pt layer shows reflectance only lower by 2.1%. This result clearly shows that by using Ni-dot instead of Ni thin film layer, the reflectivity in p-metal can be significantly increased.
Illustrated in Figure 3 (a) are the measured LED output power and external quantum efficiency versus the operation current for each of the aforementioned four types. At the injection current of 350 mA, the optical output power of blue LEDs increased as much as by factor of approximately 1.27 for samples with Ni-dots over the one with Ni thin film layer. The external quantum efficiency has increased by factor of 1.3 for samples with Ni-dots over the one with Ni thin film layer. Interestingly, the enhancement ratio of the optical output power of blue LEDs with increased p-metal reflectivity is about 3.37.
Illustrated in Figure 3 same, i.e., $2.66 V. In addition, at the injection current of 350 mA, the operation voltage of blue LEDs is little difference of $3.3 V. The contact resistivity of Ni-dot/Ag/Pt type p-metal and Ni-layer/Ag/Pt type p-metal are of 2-3 Â 10
À3

Xcm
2 and 1-4 Â 10 À3 Xcm 2 , respectively. We assume that the low Ohmic contact resistivity of Ni-dot/Ag/Pt metal on p-GaN is attributed to the aforementioned oxidation annealing promoting the out-diffusion of Ga atoms from GaN to the surface to dissolve in the Ag layer, leaving Ga vacancies below the contact. 13 Finally, we have calculated the reflected light intensity for each of the aforementioned four types using the 2-dimensional finite-difference time-domain method (2D FDTD). The 2D FDTD calculation was done using MEEP and the results are shown in Figure 4 (a). Illustrated in Figure  4 (b) is the comparison between the calculated and the measured results, which shows a good agreement.
In summary, we have experimentally shown that high reflectivity with stable operating voltage can be achieved from p-type GaN surface by using Ni-dot/Ag/Pt layer instead of Ni/ Ag/Pt layer, where in the later, the formation of Ni is a thin film. We have also compared the measured data with 2D FDTD calculation and showed that they are in good agreement.
